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Differential measurements of Higgs boson production in the g-lepton-pair decay channel are
presented in the gluon fusion, vector-boson fusion (VBF), +� and CC̄� associated production
modes, with particular focus on the VBF production mode. The data used to perform the
measurements correspond to 140 fb�1 of proton–proton collisions collected by the ATLAS
experiment at the LHC. Two methods are used to perform the measurements: the Simplified
Template Cross-Section (STXS) approach and an Unfolded Fiducial Differential measurement
considering only the VBF phase space. For the STXS measurement, events are categorized
by their production mode and kinematic properties such as the Higgs boson’s transverse
momentum (?H

T ), the number of jets produced in association with the Higgs boson, or the
invariant mass of the two leading jets (< 9 9). For the VBF production mode, the ratio
of the measured cross-section to the Standard Model prediction for < 9 9 > 1.5 TeV and
?

H
T > 200 GeV (?H

T < 200 GeV) is 1.29+0.39
�0.34 (0.12+0.34

�0.33). This is the first VBF measurement
for the higher-?H

T criteria, and the most precise for the lower-?H
T criteria. The fiducial

cross-section measurements, which only consider the kinematic properties of the event, are
performed as functions of variables characterizing the VBF topology, such as the signed �q 9 9

between the two leading jets. The measurements have a precision of 30%–50% and agree well
with the Standard Model predictions. These results are interpreted in the SMEFT framework,
and place the strongest constraints to date on the CP-odd Wilson coefficient 2

�,̃
.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Standard Model of Particle Physics
Current state-of-the-art understanding of the fundamental particles of 

Nature and their interactionsThe task ahead ….

- Consistent with all observations made in 
laboratory experiments, except gravity.


- All particles predicted by the Standard 
Model (SM) have been observed since 
the Higgs boson was found at the CERN 
Large Hadron Collider (LHC) in 2012.  

- Some crucial astronomical phenomena 
are not described (e.g. dark energy, dark 
matter, Baryon/Anti-Baryon asymmetry).
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LHC & ATLAS  Detector

 
 

Gia Khoriauli University of Würzburg 
 
 
 VBS Wgamma2j Analysis Group Meeting CERN  14.04.2020 

Trigger Efficiency & Object Overlap Removal 

Studies in W(àmunu)gamma2j Channel  

The ATLAS Detector
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q pp-collision data-takingv 2015-2018:  1 = !# TeVo - ≥ -0,  -$%& = 2.1-0v 2022-2025:  2 = 13.6 TeV,    o - = 2-0v 2029-2040:  2 = 14 TeV (?)  o - = 5-0 − 7.5-0

Gia Khoriauli     Studies of Electroweak Interactions via Vector Boson Scattering at the ATLAS Detector     DPG2024

q ATLAS reference frame✦ Rapidity:

✦ Pseudo-rapidity:
o Where, 7 is the polar angle of the experiment   

2008 JINST 3 S08003

Chapter 1

Overview of the ATLAS detectorThe Large Hadron Collider (LHC) at CERN will extend the frontiers of particle physics with its

unprecedented high energy and luminosity. Inside the LHC, bunches of up to 1011 protons (p)

will collide 40 million times per second to provide 14 TeV proton-proton collisions at a design

luminosity of 1034 cm�2s�1. The LHC will also collide heavy ions (A), in particular lead nuclei, at

5.5 TeV per nucleon pair, at a design luminosity of 1027 cm�2s�1.

The high interaction rates, radiation doses, particle multiplicities and energies, as well as the

requirements for precision measurements have set new standards for the design of particle detec-

tors. Two general purpose detectors, ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact

Muon Solenoid) have been built for probing p-p and A-A collisions.

This paper presents a comprehensive overview of the ATLAS detector prior to the first LHC

collisions, written as the installation of the ATLAS detector is nearing completion. This detector

represents the work of a large collaboration of several thousand physicists, engineers, technicians,

and students over a period of fifteen years of dedicated design, development, fabrication, and in-

stallation.

1.1 Physics requirements and detector overview
The coordinate system and nomenclature used to describe the ATLAS detector and the particles

emerging from the p-p collisions are briefly summarised here, since they are used repeatedly

throughout this paper. The nominal interaction point is defined as the origin of the coordinate

system, while the beam direction defines the z-axis and the x-y plane is transverse to the beam

direction. The positive x-axis is defined as pointing from the interaction point to the centre of the

LHC ring and the positive y-axis is defined as pointing upwards. The side-A of the detector is de-

fined as that with positive z and side-C is that with negative z. The azimuthal angle f is measured

as usual around the beam axis, and the polar angle q is the angle from the beam axis. The pseu-

dorapidity is defined as h = � ln tan(q/2) (in the case of massive objects such as jets, the rapid-

ity y = 1/2ln[(E + pz)/(E� pz)] is used). The transverse momentum pT , the transverse energy ET ,

and the missing transverse energy E miss
T are defined in the x-y plane unless stated otherwise. The

distance DR in the pseudorapidity-azimuthal angle space is defined as DR =
p

Dh 2 +Df 2.

– 1 –
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Contributions from Russia, Belarus, JINR In view of a possible termination of the ICAs with Russia, Belarus, JINR (RBJ) in 2024, we are continuing to work 

on finding replacements for detector maintenance & operation as well as computing support experts

• 72 (detector systems + Technical Coordination) + 27 (SW & C) experts from RBJ contribute to ATLAS operations and technical 

support, 20 of whom are resident at CERN, 43 are non-resident but spend significant time at CERN, and 36 work from remote

• The ATLAS funding agencies are expected to substitute the loss of M&O contributions

• The replacement of the Phase-II deliverables, funds & expertise is also being addressed (MoU amendments prepared)

05/03/2024

- World’s largest and most powerful particle accelerator


- 27 km ring of superconducting magnets


- protons are accelerated and collided at centre-of-
mass energy ( ) of 13 TeV in Run 2 (2015 - 2018).s

- Weight: 7000 tonnes


- Detects individual particles (e.g.  and jets) 
created in the more than one billion proton-proton 
collisions per second. 


- Records the trajectory, momentum and energy of 
particles

e, μ, γ

2
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Higgs Boson Production at the LHC
- The Higgs boson gives mass to the elementary particles through the Higgs mechanism.

4

The Higgs boson: production & decay
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Higgs boson production and decay

| Higgs boson coupling measurements in ATLAS | Antonio J. Gomez Delegido | LHCP 2024

• ATLAS recorded 140 fb-1 of 푝푝 collisions in Run 2 → According to SM prediction, 
~9 millions of Higgs bosons, 0.3% experimentally accessible.

• All major Higgs boson production and decay modes observed during Run 2. 
Evidence for rare decays (second generation couplings, ��) emerging. 

• Experimentally well-established analyses used to probe challenging phase spaces.
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ttH tH
Gluon-gluon fusion 

(ggF)
Vector boson fusion 

(VBF)
Vector boson associated 

production (VH)
Top pair associated 

production (ttH)
Single top associated 

production (tH)

Relative contribution  
for  TeVs = 13
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Higgs Boson Decays
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The Higgs boson: production & decay
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ttH tH

Branching 
Ratio

- Branching ratio is the probability that the Higgs boson decays to a certain final state.
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VBF

Essence of the  final state:

• Sizeable branching ratio

• Distinctive signature

• Higgs mass reconstruction +  measurement

ττ

pH
T

Motivation

  The branching ratio of  is 6.3%. 
Largest branching fraction of all leptonic Higgs boson decays.

H → ττ
2

Gluon Fusion

Vector Boson Fusion

Associated prod. with Z/W

Associated prod. with top

Introduction

5

 AnalysisH → ττ

- Measurements of Higgs boson 
production are crucial tests of the SM.


- Attractive features of the  final state: 


- Sizeable branching ratio - largest of 
Higgs boson decays to leptons


- Comparably distinctive signature


ττ



Simplified Template Cross-Section Framework 
(STXS)
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ATLAS DRAFT

(a) ggF + gg ! Z(! qq)H production

(b) VBF+V(! qq)H production (c) tt̄H production

Figure 4.1: The recommended binning for Stage 1.2 of the STXS framework for the ggF + gg ! Z(! qq)H
production, VBF+V(! qq)H production and tt̄H production processes. This binning is finer than that used in
the analysis as di�erent channels have di�erent degrees of sensitivity across the phase space. Figures taken from
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS.

16th November 2023 – 15:12 20

ATLAS DRAFT
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Figure 4.1: The recommended binning for Stage 1.2 of the STXS framework for the ggF + gg ! Z(! qq)H
production, VBF+V(! qq)H production and tt̄H production processes. This binning is finer than that used in
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16th November 2023 – 15:12 20

Full kinematic splitting

STXS framework is an agreed approach between the experimental and theory community of the LHC to facilitate combinations and interpret Higgs 
results.

VBF

6

Production cross-section measurements

ATLAS  AnalysisH → ττ

Measurements per production mode 

- Individual cross-sections for ggF, VBF, VH and ttH


-Further subdivide into kinematic categories

Differential cross-section measurement 

- Measurements as function of some interesting 
observables (e.g. sensitive to potential new physics)


- example observable: , very interesting 
because it is sensitive to charge-parity (CP) violation

Δϕsigned
jj

Cross-section is a measure for the probability to produce the Higgs boson in proton-proton collisions
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Signal and Background

arXiv:2407.16320

 background 
-  estimated by 

Monte Carlo simulation

Z → ττ
Z → ττ

Top and other backgrounds 
- Estimated using Monte 

Carlo simulations. 
Misidentified  backgrounds: 

- Data-driven technique is used 
to estimate this background.

τ

Signal signatures:  

- Visible products of  decays


- Invisible neutrinos from  decays,  
reconstructed based on 
momentum 
 conservation in transverse plane.


- Two Hadronic jets for VBF 
production

τ

τ
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The Higgs boson: production & decay
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ttH tH
Vector Boson Fusion 

(VBF)

arXiv:2407.16320%20Search...
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VBF Categorisation

- Machine learning (Boosted Decision Tree) is used 
to separate VBF  signal from backgrounds. H → ττ



9

Statistical Analysis
- Binned maximum likelihood fit is performed to determine central values and uncertainties of cross-sections. 

arXiv:2201.08269
arXiv:2201.08269

https://arxiv.org/abs/2201.08269
https://arxiv.org/abs/2201.08269


Results & Conclusions
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- Results are consistent with the SM predictions. Similar results are 
found in other decay modes and by the CMS collaboration.


- Higgs to  decay channel is particularly sensitive to VBF 
production and for high transverse momenta.


- No signs of the CP violation have been found. 

ττ

Cross-sections for kinematic categories  Differential fiducial measurements 
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